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1. INTRODUCTION 
 
Transportation of oxygen to the different retinal layers occurs via two major vascular 
systems present in the eye. The supply of the outer retina originates in the choroid 
(choriocapillaris) located beneath the retinal pigment epithelium (RPE). The retinal 
circulation supplies the inner retina and as shown by Cuthbertson and Mandel (1986), 
exists in three capillary beds centered on the nerve-fibre layer, the junction of inner 
plexiform and inner nuclear layer, and the outer plexiform layer. Alder and Cringle 
(1990) found that a typical PO2 profile starts at 82 mm Hg at the choroidal side of the 
retina. With increasing distance of the retinal layers to the choroid the PO2 value 
decreases to 2 mm Hg at the balance point of the two circulations and increases up to 15 
mm Hg due to the retinal circulation.  
Retinal function, commonly measured by electroretinography (ERG), is particularly 
sensitive to circulatory disturbances. Tazawa and Seaman (1972) nicely demonstrated the 
rapid decrease and subsequent disappearance of the ERG b-wave in the extracorporeal 
bovine eye as a result of anoxia, whereas the a-wave was only moderately reduced. This 
is in line with the origin of the b-wave in the inner retina, which seems to be more 
sensitive to and more affected by acute anoxia. In contrast, the a-wave originating in the 
outer retina seems more resistant to anoxia. In vitro experiments with perfused eyes 
described by Niemeyer (1975) revealed a bi-directional dependency of the b-wave 
amplitude to changes of oxygen supply: an increased flow leads to a larger b-wave, 
whereas a decreased flow causes a reduction of the b-wave. 
The transgenic mouse line tg6 overexpresses the human erythropoietin (huEpo) gene, 
leading to a disease phenotype in several tissues as described by Wagner et al. (2001). An 
important pathophysiologic factor is the development of a hematocrit (the percentage of 
corpuscular elements in the blood) of about 80% (i.e. almost twice as high as normal). 
                                                 
¹ Edda Fahl, Ocular Neurodegeneration Research Group, Centre for Ophthalmology, Institute for Ophthalmic 
Research, Tuebingen, Germany D-72076. Max Gassmann, Institute of Veterinary Physiology, University 
Eye Hospital, Zurich, Switzerland, CH-8057. Christian Grimm, Lab for Retinal Cell Biology, University Eye 
Hospital, Zurich, CH-8091. Mathias W. Seeliger, Ocular Neurodegeneration Research Group, Centre for 
Ophthalmology, Institute for Ophthalmic Research, Tuebingen, Germany D-72076. 
                                                                                                                                       E. FAHL ET AL. 
 
 
2 
The blood volume is increased by 75%, whereas blood pressure and cardiac output 
remain normal. However, features of cardiac dysfunction like increased heart weight and 
ventricular dilatation can be observed, and the exercise performance is strongly reduced. 
The life expectance of these mice is reduced to 7.4 months.  
In this study, we have investigated the functional and morphological changes to the 
retina in the tg6 mouse in vivo.  
 
 
2. METHODS 
 
2.1. Animals 
 
All procedures involving animals adhered to the Association for Research in Vision 
and Ophthalmology statement for the use of animals in ophthalmic and vision research 
and were conducted with permission of the local authorities.  
The tg6 mice used in this study were transgenic for the human Epo and were 
generated by microinjection of human Epo cDNA as described by Ruschitzka et al. 
(2000). Mice were 4-6 weeks of age at the time of the study. Assessment of morphology 
was done in vivo by scanning-laser ophthalmoscopy (SLO), and retinal function was 
tested by Ganzfeld electroretinography (ERG). 
 
2.2. Scanning-Laser Ophthalmoscopy (SLO) 
 
The in vivo confocal imaging technique using SLO has previously been described in 
detail by Seeliger et al. (2005). The SLO provides valuable information about a number 
of ocular tissues from cornea through sclera.  
In this study, we focussed on the analysis of the retina and the respective vascular 
systems using the short wavelength range of 514 nm for native imaging and 488 nm 
(barrier filter 500 nm) for fluorescein angiography. 
 
2.3. Ganzfeld Electroretinography (ERG) 
 
ERGs were obtained according to previously described procedures by Seeliger et al. 
(2001). Mice were dark-adapted over night before the experiments and their pupils were 
dilated. Anesthesia was induced by subcutaneous injection of ketamin (66.7mg/kg) and 
xylazine (11.7mg/kg). Silver needle electrodes served as reference (forehead) and ground 
(tail) electrodes, and gold wire ring electrodes as active electrodes. Methylcellulose was 
applied to ensure good electrical contact and to keep the eye hydrated during the 
measurement. The ERG equipment consisted of a Ganzfeld bowl, a DC amplifier, and a 
PC-based control and recording unit (Toennies Multiliner Vision). ERGs were recorded 
from both eyes simultaneously. Band-pass filter width was 0.3 to 300 Hz.  
In this study, single-flash recordings were obtained both under dark-adapted 
(scotopic) and light-adapted (photopic) conditions. Stimuli of the scotopic ERG were 
presented with increasing intensities, reaching from -4 log cd*s/m2 to 1.5 log cd*s/m2, 
divided into 11 steps of 0.5 and 1 log cd*s/m2. Light-adaptation was performed with a 
background illumination of 30 cd/m2 starting 10 minutes before the photopic ERG 
session, and the stimuli in this session increased from -2 log cd*s/m2 to 1.5 log cd*s/m2, 
divided into 8 steps of 0.5 log cd*s/m2.  
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3. RESULTS 
 
3.1. Retinal Vasculature of the tg6-Mouse 
 
The retinal vasculature was studied with native imaging using the green laser (514 
nm), and with fluorescence angiography (488 nm laser, barrier filter at 500 nm). In native 
images obtained with the green laser (Fig. 1), veins can be easily differentiated from 
arteries. The thin walled veins appear dark because of the strong absorbance of green 
light by haemoglobin, whereas the arteries look silvery because most of the light is 
reflected at the interface between the muscular wall and the lumen before it reaches the 
blood.  
Fluorescence angiography (FLA) allows to obtain particularly detailed images of 
retinal capillaries (Fig. 2). As blood absorption does not play a major role in angiography, 
the difference between veins and arteries is best visualized as an reduced dye-filled 
lumen and a more linear shape of arteries.  
In both native imaging and FLA, the veins of the tg6 mice appear enlarged (Fig. 1A 
and 1B, black arrow; Fig. 2A, arrowhead) and the arteries show a more tortuous 
appearance (Fig. 1A and 1B, white arrow; Fig. 2A, arrow) compared to wildtype mice. 
 
 
 
Figure 1. Native imaging of the fundus of a tg6 mouse (A: full view, B: detail) in comparison to a wildtype 
mouse (C: full view, D: detail) using a Scanning-Laser Ophthalmoscope. In the tg6 mouse the retinal veins 
(black arrow) are enlarged and the arteries are tortuous (white arrows).  
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Figure 2. Fluorescein angiography of the fundus of a tg6 mouse (A) in comparison to a wildtype mouse (B) 
using a Scanning-Laser Ophthalmoscope. In tg6 mice the retinal veins (arrowhead) are enlarged and the arteries 
(arrow) appear tortuous. 
 
 
3.2. Retinal Function of the tg6-Mouse 
 
Retinal function is commonly assessed with electroretinography, which allows to 
distinguish between rod and cone system contributions. In the scotopic ERG (Fig. 3, left), 
responses to light stimuli up to -2 log cd*s/m2 arise from the rod system only. At higher 
light intensities, both the rod and cone system contribute to the responses. The photopic 
ERG is recorded on a static white background to desensitize the rod system by light-
adaptation, so that the isolated responses of the cone system can be measured (Fig. 3, 
right).  
In the tg6 mice, both the scotopic and the photopic ERG had larger, supernormal 
amplitudes, which were accompanied by slightly prolonged implicit times (Fig. 3). In the 
scotopic ERG, an increased amplitude of the saturated a-wave, which correlates with rod 
photoreceptor signal size, was observed. The supernormal b-wave amplitude additionally 
indicated an enhanced signal size by inner retinal ON bipolar cells (Fig. 4).  
 
 
 
Figure 3. Analysis of the retinal function of tg6 mice (grey) in comparison to wildtype mice (black) using 
scotopic (left) and photopic (right) flash intensity series electroretinography (ERG). The overlay of the tg6 and 
wildtype responses reveals larger amplitudes of the tg6 mouse, accompanied by a slightly prolonged implicit 
time. 
-2.5
OXYGEN SUPPLY AND RETINAL FUNCTION                                                                                            5 
 
 
 
 
Figure 4. Analysis of the scotopic (A) and photopic (B) b-wave amplitudes of tg6 mice (black) in comparison 
to wildtype mice (grey). The tg6 mice reaches larger amplitudes in both, the scotopic and photopic ERG. 
 
 
4. DISCUSSION 
 
The transgenic mouse line tg6 expresses high levels of human erythropoietin. In a 
previous study, Grimm et al. (2004) found no influence on retinal development and 
morphology, and also the content and the regeneration of visual pigments were normal. 
In this study, we provide functional and morphologic evidence for subtle retinal changes 
concerning the diameter and the tortuosity of vessels and the amplitude of ERG signals. 
In vivo imaging with the SLO revealed an increased tortuosity of arteries and an enlarged 
diameter of retinal veins, similar to human hyperviscosity syndromes shown by Mailath 
et al. (1976), Nagy (1950), Spalton et al. (1994), and Rezai et al. (2002), in particular 
those associated with polycythaemia vera (Nagy, 1950, Spalton et al., 1994). As 
Ruschitzka et al. (2000) observed nearly doubled values for erythrocytes, hemoglobin, 
and hematocrit in the tg6 mouse, the vascular changes are most probably the consequence 
of the enhanced hematocrit together with an increased blood viscosity.  
It is well possible that these alterations are rather dynamic in nature, i.e. are caused 
by the pressure distribution in vivo, and may thus not be accessible histologically. This is 
supported by the fact that comparable changes in human patients with treatable 
hyperviscosity syndromes resolved very quickly after the onset of therapy as Rezai et al. 
(2002) demonstrated.  
An interesting question to be resolved in this study was whether the overall result 
would be retinal ischemia or enhanced oxygen availability. This question was addressed 
with electroretinography as the ERG is particularly sensitive to the retinal oxygen status. 
Tazawa and Seaman (1972) nicely showed that mostly b- but also a-wave amplitudes in 
extracorporeal bovine eyes are strongly dependent on ocular blood flow (and thus oxygen 
supply): the b-wave decreased rapidly during anoxia, whereas the a-wave decreased only 
gradually. Niemeyer (1975) further expanded these results by not only decreasing but 
also increasing normal retinal flow in perfused cat eyes, and found that an increased flow 
rate, associated with enhanced oxygen availability, increases the b-wave amplitude of the 
ERG. 
Unexpectedly, retinal function in the tg6 mice in both the scotopic and photopic 
ERG was supernormal in comparison to wildtype mice. The increased amplitude of the a-
wave as well as the b-wave in the scotopic ERG indicates that both inner retinal as well 
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as choroidal circulation provided enhanced amounts of oxygen. Our findings thus suggest 
that the overexpression of huEpo leads to an enhanced oxygen availability to the retina, 
in line with the in vitro experiments by Niemeyer (1975) mentioned above. 
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